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INTRODUCTION 

Despi te cons iderab le  e f f o r t  t o  u n d e r s t a n d  the  chemical n a t u r e  o f  t h e  o rgan ic  a n d  
inorgan ic  p o r t i o n s  o f  coal, a n d  subs tan t i a l  advances in ins t rumenta t ion  a n d  
methodologies, m u c h  o f  coal 's chemical n a t u r e  remains in t rac tab le .  T h i s  p a p e r  
rev iews methods a n d  t h e i r  l im i ta t ions  f o r  t he  de terminat ion  o f  spec i f i c  minera ls  
in coal, and  p resen ts  resu l t s  o f  e f f o r t s  a t  Conso l ida t ion  Coal Company t o  
develop F T l R  methods  f o r  r o u t i n e  coal minera loqy .  

Mineral  ma t te r  charac ter iza t ion  has  rece ived cons iderab le  a t ten t ion .  G iven  a n d  
Yarzab (1) d iscussed t h e  prob lems posed by minera l  mat te r  in va r ious  coal 
analyses. Fu r the rmore ,  minera l  ma t te r  compl icates the  chemical t rea tmen t  o f  
coal. It also has  many adve rse  e f fec ts  on  commercial coal u t i l i za t ion .  Coal 
consumers p a y  t o  s h i p  minera l  mat te r ,  t o  accommodate i t s  impact  o n  cap i ta l  
equ ipment  and opera t ions ,  and to  d ispose of t h e  resu l tan t  ash. T h e  impact  o f  
coal minera ls  o n  u t i l i za t i on  mot iva ted  Consol 's i n i t i a l  i n t e r e s t  in minera logy  ( 2 ) .  
T h e  r e s u l t s  r e p o r t e d  h e r e  a re  f rom a second phase o f  t h e  FT IR  method develop- 
ment, in wh ich  ex tens i ve  improvements  were  made t o  the  methods. 

EXPERIMENTAL 

DESCRIPTION O F  SAMPLES 

Small Data Set. Low- tempera ture  (plasma) ashes ( L T A s )  were  ob ta ined f rom t e n  
d i ve rse  coal samples (Tab le  1 ) .  r a n g i n g  in r a n k  f rom l i gn i te  t o  I v b .  I n f r a r e d  
spec t ra  were  ob ta ined  o f  dup l i ca te  samples o f  each coal .  A separa te  s e t  of  
dup l i ca tes  was genera ted  f o r  f o u r  o f  t h e  coals. 

Larqe  Data  Set. L T A s  were  ana lyzed by F T l R  f o r  5 0  coals, r a n g i n g  in r a n k  
from l i g n i t e  t o  I vb .  These  were  a rep resen ta t i ve  subse t  o f  dup l i ca tes  o f  95 
unwashed and c lean  commercial coals f rom the  eas tern ,  midwestern  and  wes te rn  
U.S. a n d  A lbe r ta ,  Canada. T h e  50-coal se t  con ta ined no  dup l ica tes ,  but 
d i f f e r e n t  coal samples f rom the  same mine were inc luded.  

Reference Minerals.  T h e  42 re fe rence  minera ls  and  t h e  minera l  c lasses used  a r e  
l i s ted  in Tab le  2 .  Most of t h e  minera ls  were  ob ta ined from Ward's Na tu ra l  
Science Es tab l i shment ,  Inc . ,  Rochester,  New York .  Many o f  t he  s i l i ca te  
minerals were  Amer ican Petroleum I n s t i t u t e  ( A P I )  s tandard  samples o r  t h e i r  
equ iva len ts .  Numbers  g i v e n  in t h e  tab le  (e.g. ,  kao l i n i t e  4) r e f e r  t o  the  API 
s tandard  des ignat ion .  

METHODS 

Coals q r o u n d  to -60 mesh were  low tempera tu re  (0, plasma) ashed f o r  about  
100-125 h o u r s  f o r  b i t um inous  coals a n d  200 h o u r s  f o r  lower  r a n k  coals. Ash ing  
conta iners  were made o f  P y r e x  or ceramic.  
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Minera l  s tandards  were  h a n d  c r u s h e d  t o  -114 inch ,  t h e n  g r o u n d  t o  a f i n e  
powder  in a bal l  o r  B leu le r  mi l l .  T h e  powder  was aerodynamica l l y  c lass i f ied ,  
and the  f i nes t  f rac t i on  was col lected. T h i s  was accepted as  a minera l  s t a n d a r d  
if 90% o r  more  by we igh t  was 5 urn and  smal ler  par t i c les .  Dup l ica te  13 mm K B r  
pel lets were  p repared  a n d  t h e  spec t ra  were  weight-scaled by r e p o r t e d  
techn iques  (3.4).  With one except ion ,  a l l  t h e  minera l  s tandard  spec t ra  were  
averages of spec t ra  f rom dup l i ca te  pe l le ts .  

L T A  samples were g r o u n d  f o r  30 minu tes  in a Wig-L-Bug (15 mg L T A ,  50  mg 
K B r  and  500 mg acetone in a n  agate  v i a l ) ,  d r i e d  a n d  s to red  in a dess ica tor .  
13 mm K B r  pe l le ts  were  made and  r e s u l t i n g  spec t ra  were  weight-scaled (VI. 

Al l  spec t ra  were  run o n  a Nicolet  7199 F T l R  spec t rometer  equ ipped  w i t h  a wide- 
band  MCT detec tor .  A Nicolet  leas t -squares  ana lys is  p rog ram (MCOMP) was 
modif ied ex tens i ve l y  f o r  e f f i c i en t  u s e  w i t h  a l a rge  number  o f  re fe rence  minera ls .  
T h e  re fe rence minera l  w i t h  the  lowest  nega t i ve  concent ra t ion  was omi t ted  u p o n  
each i t e ra t i on ,  until on l y  non-negat ive  resu l t s  were  ob ta ined.  Genera l l y  12 t o  
18 minerals remained in t h e  f i na l  ca lcu la t ion .  

For  PLS o r  PCR ca lcu la t ions ,  t h e  spec t ra  were  t r a n s f e r r e d  t o  a DEC V A X  
11/750 computer .  T h e  PLS and  PCR p rog ram w i t h  c ross-va l ida t ion  was p r o v i d e d  
by Dav id  Haaland o f  Sandia Nat ional  Labora to ry  (:I. 

RESULTS A N D  DISCUSSION 

A CRIT IQUE OF METHODS FOR C O A L  MINERALOGY 

T h i s  s u r v e y  o f  f i v e  major methods f o r  coal minera logy  a n d  t h e i r  l im i ta t ions  
includes o n l y  methods wh ich  can  p r o v i d e  a "complete" minera l  ana lys is .  
Methods o f  l im i ted  app l i cab i l i t y ,  s u c h  as Mossbauer,  a re  omit ted.  

X- ray  D i f f rac t i on .  XRD i s  the  most common method used  f o r  coal  m ine r -  
a loqy 6.7.8 . I t s  major advantage i s  t h e  a b i l i t y  t o  unequ ivoca l l y  i d e n t i f y  many  
m i n e r a k d h e  main d isadvantages  a re :  1 )  re l iance o n  re fe rence  minera ls ,  
21 requ i res  ca re fu l  a t ten t i on  to sample p repara t i on ,  a n d  3 )  low s e n s i t i v i t y  t o  
ce r ta in  minera ls  (espec ia l l y  many c lays)  due  to  poor  c r y s t a l l i n i t y  a n d  t o  p a r t i c l e  
o r ien ta t ion  e f fec ts .  Many labora tor ies  analyze a separate concen t ra ted  c l a y  
f rac t ion  ( less  than  2 urn o r  5 pm).  However,  sens i t i v i t y  is s t i l l  low and  o t h e r  
l imi tat ions may ar ise :  1 )  t h e  separa ted  c lay  f rac t i on  may n o t  be  rep resen ta t i ve ,  
and  2 )  t h e  separat ion p rocedure  can a l te r  t h e  sample. T h e  o r ig ina l  coal, 
ins tead o f  t h e  L T A ,  c a n  b e  ana lyzed by XRD. However ,  t h i s  i s  n o t  sat is-  
f ac to ry ,  s ince  sens i t i v i t y  i s  even  lower .  A n  ex tens i ve  i n t e r l a b o r a t o r y  
comparison o f  XRD resu l t s  w i t h  I l l i no is  6 coal showed highly va r iab le  
resu l t s  (1). T h a t  s t u d y  also i nc luded  r e s u l t s  f rom F T I R ,  SEM and  o t h e r  
methods. 

I n f r a r e d  Spect roscop . T h e  use o f  I R  (9,10,11,12) a n d  F T l R  ( 3 . 4 )  f o r  coal  
minera logy  has  beenYrepor ted .  Pa in te r  a n d  coworke rs  (3) demonst ra ted  t h a t  
F T l R  can  p r o v i d e  a v i r t u a l l y  complete ana lys is .  Pa in te r ,  BTown a n d  E l l i o t t  (41, 
and  o the rs  (9,10,11) d iscuss  sample p repara t i on ,  re fe rence minera ls ,  a n d  d2 ta  
analysis.  T h x n t a g e s  o f  IR  are :  1 )  high sens i t i v i t y  t o  molecular s t r u c t u r e ,  
2 )  unequ ivoca l  i den t i f i ca t i on  of a number  o f  minerals,  3 )  small sample s ize  ( a  
few mi l l ig rams) ,  and  4) r a p i d  ana lys is  t ime (once L T A  i s  ava i lab le ) .  D isadvan-  
tages i nc lude :  1 )  re l iance o n  re fe rence  minera ls ,  2 )  requ i res  ca re fu l  a t ten t i on  t o  
sample p rep ra ra t i on ,  a n d  3 )  l im i ted  se lec t i v i t y  (d isc r im ina t ion  among s imi la r  
minera ls ) .  
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The prob lem w i t h  l im i ted  se lec t i v i t y  i nc ludes  some o f  t h e  minera ls  wh ich  a r e  
prob lems f o r  XRD: i l l i te ,  muscovi te,  smect i tes and  mixed- laver  c lays.  Poor  
c r y s t a l l i n i t y  c rea tes  prob lems w i t h  b o t h  XRD a n d  F T I R .  T h e  IR  spec t rum o f  a n  
amorphous mater ia i  l acks  s h a r p  d i s t i n g u i s h i n q  fea tu res  b u t  re ta ins  spec t ra l  
i n t e n s i t y  in t h e  reg ions  t yp i ca l  o f  i t s  composi t ion.  T h e  X- rav  d i f f r a c t i o n  
p a t t e r n  shows low i n t e n s i t y  re la t i ve  to  we l l -de f ined c rys ta l l i ne  s t r u c t u r e s .  T h e  
major p rob lem for I R  i s  se lec t i v i t y :  f o r  XRD it is  sens i t i v i t y .  In a n  in te r -  
l abo ra to ry  F T I R  comparison ( 7 1 ,  t w o  labora tor ies  g a v e  s imi la r  resu l t s  for 
kao l in i te ,  ca lc i te ,  a n d  illite, but subs tan t i a l l y  d i f f e r e n t  resu l t s  f o r  
montmor i l lon i te  a n d  q u a r t z .  

E lec t ron  BeamlX- ray  Spect roscopv .  Severa l  methods based o n  p o i n t  coun t  o r  
automated image ana lys is  ( A I A )  in scann ing  e lec t ron  mic roscopy-energv  d i spe r -  
s i ve  X - ray  have  been r e p o r t e d  (13-18).  Po in t  coun t  ana lys is  can de te rm ine  
minera logy ;  A I A  can  also d e t e r m i n e t h e  size d i s t r i b u t i o n  o f  the  minerals.  These  
methods ob ta in  a po in t -by-po in t  o r  par t i c lc -b \ / -par t i c le  elemental analysis.  A 
minera l  d i s t r i b u t i o n  a n d  ana lys is  i s  ob ta ined by c lass i f v ing  each elemental  
composi t ion i n t o  one o f  t he  minera l  ca tegor ies .  Such methods have severa l  
advantages :  1 )  t h e y  can  h e  automated, 2 )  t h e  composi te elemental composi t ion 
c a n  b e  checked  aga ins t  t h a t  o f  t he  bulk sample, 3 )  it is  possible to  run coal 
(no t  necessarv  to ob ta in  L T A ) ,  and  4) t h e y  o r o v i d e  some in fo rmat ion  o n  s ta t i s -  
t i ca l  a n d  p e r h a p s  spat ia l ,  size, o r  moroho log ica l  d i s t r i b u t i o n  o f  t h e  minerals.  
F o r  these  reasons ,  s u c h  methods have  become more popu la r  in recent  years.  
The major  d isadvantages  are :  1)  t he  chemical in fo rmat ion  and  t h u s  t h e  selec- 
tivity is  l imi ted, s ince  it uses o n l y  elemental composi t ion,  2 )  i t  re l ies  on  a 
su i tab le  c lass i f i ca t ion  scheme fo r  minera l  ca tegor ies ,  a n d  3) da ta  co l lec t ion  can  
b e  t ime-consuming (espec ia l l y  f o r  A I A ) ,  r e q u i r i n g  rnanv h o u r s  p e r  sample. 

Opt ica l  M ic roscopy .  Opt ica l  m ic roscopv  is t he  t rad i t i ona l  tool o f  geo log is ts  a n d  
De t rog raphers  f o r  minera l  i den t i f i ca t i on  and  charac ter iza t ion  ( 1 9 ) .  It has  t w o  
main advantages :  1) pos i t i ve  ident i f i ca t ion  o f  minerals can  b r  achieved, a n d  
2 )  in fo rmat ion  is  ob ta incd  on  minera l  d i s t r i b u t i o n  a n d  morpho logy .  However,  
quan t i t a t i on  i s  d i f f i c u l t ,  and  the  ana lys is  i s  t ime-consuming, requ i res  h i g h l y  
t ra ined  techn ic ians ,  a n d  is  n o t  amenable to  automat ion. A l though  in common 
u s e  in p e t r o q r a p h i c  s tud ies ,  such  methods have  been d isp laced bv XRD, IR,  
a n d  SEM-EDS methods  f o r  mineraloqical  s tud ies .  

Thermal  Techn iques .  Thermal  techn iques ,  especial ly d i f f e ren t i a l  thermal  
ana lys is  ( D T A )  h a v e  been used  f o r  minera l  i den t i f i ca t i on  (19) and  f o r  coal 
minera logy  ( 7 0 ) .  T h e  advantages  of thermal  techn iques  are-1) small sample 
size, 2 )  l i t t l7 sample p repara t i on  (app l i cab le  t o  whole coals); 3 )  po ten t i a l l y  
r a p i d  ana lys is ,  a n d  4) i n fo rmat ion  re levan t  t o  combust ion  behav io r  may b e  
p r o v i d e d .  T h e  d isadvantaqes  a re :  1 )  t h e  chemical in fo rmat ion  is  l imi ted, 
r e s u l t i n g  in a l ack  o f  Se lec t iv i t y  d u e  to  ove r lapp ing  c u r v e s  f o r  i nd i v idua l  
minera ls ,  2 )  ident i f icat ion lquant i f icat ion depends o n  re fe rence  minera ls  ( t h o u q h  
pe rhaps  less sens i t i ve  to  s u c h  prob lems t h a n  XRD o r  I R ) ,  and  3)  i t  is no t  
deve loped f o r  q u a n t i t a t i v e  use .  I n t e r p r e t a t i o n  o f  thermal  data i s  d i f f i c u l t ,  but 
cou ld  b e  improved  by approp r ia te  so f tware .  Var ia t ions ,  such  as u s i n g  d i f f e r e n t  
gases t o  hiahlight o r  suppress  fea tures ,  have  been used  ( 2 0 ) .  Detec t ion  l im i ts  
o f  less t h a n  1 w t  % t o  about  30 w t  8 were  r e p o r t e d  f o r  d i f feTent  minerals.  

General  Comments o n  Mineralogical  Methods. T h e  lack  nf a measure o f  
quan t i t a t i ve  accu racy  i s  a genera l  p rob lem w i t h  minera logv .  A major l im i ta t ion  
fo r  X R D  a n d  If7 methods is  t he  use  o f  re fe rence  minerals,  a n d  t h e  s tandards  
used a r e  f rom geological  sources o the r  t h a n  t h e  coal ana lyzed.  T h i s  l im i ta t ion  

I 

I 
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wi l l  be avo ided  by o n l y  phys ica l  separa t ion  o f  t he  coal minera ls  o r  bv data  
ana lys is  techn iques  ( such  as fac to r  ana lys is )  wh ich  d o  n o t  r e q u i r e  re fe rence  
minerals.  Many s tud ies  have r e p o r t e d  success fu l  quan t i t a t i on  o f  minera l  
m ix tu res .  T h i s  i s  a necessary ,  but n o t  su f f i c i en t ,  c r i t e r i o n  f o r  a good 
mineralogical  ana lys is .  T h e  d i f f e rences  be tween minera l  m ix tu res  a n d  au then t i c  
samples a re  cons iderab le ,  and  good per fo rmance on  rea l  samples i s  n e t  gua ran -  
teed. T h e  major l im i ta t ions  o f  SEM-EDS a n d  re la ted  techn iques  a r e  a p p r o p r i a t e  
c lassi f icat ion o f  t he  elemental da ta ,  a n d  ob ta in ing  a s ta t i s t i ca l l v  s u f f i c i e n t  
number o f  da ta  po in ts .  F o r  c lass i f i ca t ion  o f  data,  f ac to r  ana lys is ,  c l u s t e r  
analysis,  o r  re la ted  mu l t i va r ia te  techn iques  appear  to  be  su i tab le  (E). 
T h e  IR. methods  have  p rog ressed  f rom hand-d rawn  basel ines a n d  peak  h e i g h t  o r  
area fo r  quant i ta t ion ,  t o  spec t ra l  sub t rac t i on ,  t o  least-squares methods. Least-  
squares ana lvs is  el iminates the  re l iance o n  s ing le  peaks  fo r  quan t i t a t i on  a n d  t h e  
sub jec t i v i t y  o f  spec t ra l  sub t rac t ion .  However ,  neqat ive  concen t ra t i on  coef f i -  
c ien ts  a r e  a p rob lem w i t h  least-squares ana lys is ,  s ince t h e y  have  n o  phys i ca l  
meaning. Negat ive  components can  be  omi t ted  acco rd ing  t o  some c r i t e r i o n  a n d  
the  least-squares process  i t e ra ted  until o n l v  pos i t i ve  concent ra t ion  coe f f i c i en ts  
remain. However ,  t h i s  does n o t  ensu re  t h a t  t he  leas t -squares  so lu t ion  i s  a 
global  minimum. 

Haaland a n d  coworke rs  ( 5 )  d iscussed o the r  problems w i t h  c lassical  leas t -souares  
(CLS)  and  i t s  per fo rmance re la t i ve  to  p a r t i a l  least-squares (PLS) a n d  f a c t o r  
analvsis ( i n  the  fo rm o f  p r i nc ipa l  component reg ress ion ) .  One o f  t h e  
disadvantages o f  CLS is  t h a t  i n te r fe rences  f rom ove r lapp ing  spec t ra  a r e  n o t  
hand led  wel l ,  and  a l l  t he  components in a sample mus t  be i nc luded  f o r  a good 
analvsis.  For a mater ia l  such  as coal  L T A ,  t h i s  i s  a s ign i f i can t  l im i ta t ion .  

Factor ana lys is  e x t r a c t s  in fo rmat ion  f rom t h e  sample da ta  set  (e.g., IR  spec t ra )  
and does n o t  r e l y  o n  re fe rence minera ls .  However,  because abs t rac t  f ac to rs  
have  no  phys i ca l  meaning, re fe rence minera ls  may b e  needed in t a r g e t  t r a n s -  
format ions o r  o t h e r  p rocedures  t o  e x t r a c t  mineralogical  in fo rmat ion .  One  
valuable p iece  o f  in fo rmat ion  ob ta inab le  w i thou t  t he  use  o f  ex t raneous  da ta  i s  
t he  number o f  components r e q u i r e d  to  rep resen t  t h e  da ta  w i t h i n  exper imenta l  
e r r o r .  Repor ted  app l ica t ions  of  fac to r  ana lys is  to  minera logv  by F T l R  a r e  
few (g!. However ,  one commercial l abo ra to rv  i s  o f f e r i n g  r o u t i n e  F T l R  m ine ra l  
analyses t o  t h e  pe t ro leum i n d u s t r y ,  based o n  re la ted  methods (22). 
T h e  n e x t  sec t ion  o f  t h i s  paper  descr ihes  t h e  use  o f  c lassical  leas t -squares  
analysis of  F T l R  da ta  to  de termine coal minera logy .  T h i s  i s  fo l lowed by 
promis ing  p re l im ina ry  resu l t s  ob ta ined u s i n g  fac to r  ana lys is  techn iques .  

RESULTS USING CLASSICAL LEAST-SQUARES 

Reproduc ib i l i t y .  Mineralogical  r e s u l t s  f rom the  ten-coal  se t  [Tah le  3 1  a r e  
presented  as ranges  of  values. In most cases, t h e  r e p r o d u c i b i l i t y  i s  good.  
Quar tz ,  for  example,  shows cons is ten t l y  high rep roduc ib i l i t y .  However ,  i l l i te ,  
m ixed- layer  c lays  a n d  montmor i l lon i te  in the  f i r s t  f o u r  coals show high v a r i -  
ab i l i t y .  These minera ls  a re  s imi lar  in composi t ion a n d  spec t ra l  fea tures .  T h e  
va r iab i l i t y  in the  FTlR resu l t s  fo r  these samples is  re la ted  t o  v a r i a b i l i t y  in t h e  
spec t ra l  data.  T h e  se t  of  t e n  dup l i ca te  spec t ra  gave  a pooled SD o f  0.03 abs ,  
wh i le  t h e  separa te  se t  o f  f ou r  dup l i ca te  spec t ra  gave  a pooled SD o f  0.08 abs .  
Resul ts f rom the  f i r s t  f o u r  samples in t h e  tab le  i nc luded  t h e  poore r  spec t ra l  
data,  wh i le  t h e  resu l t s  f rom the  l as t  s i x  samples were  ob ta ined f rom t h e  b e t t e r  
spectra.  T h e  r e p r o d u c i b i l i t y  f o r  t o ta l  c l a y  con ten t  is good, even  when v a r i -  
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a b i l i t y  in i n d i v i d u a l  c lay  concent ra t ions  is  high. I r o n  su l f ides ,  ox ides  a n d  
sul fates also show some va r iab i l i t y ,  p a r t i c u l a r l y  in the  f i r s t  and  f o u r t h  samples. 

Accuracy .  A l t h o u g h  the re  is  no way  t o  measure t h e  accu racy  o f  t he  F T l R  
mineralogical  resu l t s ,  t h e r e  a r e  th ree  areas in wh ich  it can  h e  addressed (2 ,4 ) .  
The  f i r s t  me thod  i s  t o  compare p y r i t e  resu l t s  ob ta ined by F T l R  w i t h i h e  
convent iona l  ASTM determinat ion .  T h e  agreement ( F i g u r e  1) i s  q u i t e  good o v e r  
the  ran f le  o f  2.9 t o  28.1 w t  8 p y r i t e  in t h e  L T A s  f rom the  t e n  coals.  S imi la r  
resu l t s  were  ob ta ined  based o n  t h e  475-400 c m - I  reg ion  f o r  a smal ler  sample 
set  ( ? I .  T h e  good  
agreement f o r  t h e  p resen t  da ta  set  i s  s u r p r i s i n g ,  s ince the  o n l y  spec t ra l  
fea ture  r e p o r t e d  for p y r i t e  in the  m id - in f ra red  is  a t  ca.  415 cm''. I n  these  
spec t ra ,  t h e  no ise  leve l  i s  high near 400 cm- ' ,  a n d  t h e  ident i f i ca t ion  o f  such  a 
feature i s  n o t  c lear .  It appears  t h a t  t h e  resu l t s  a re  d e r i v e d  main ly  f rom base- 
l ine c u r v a t u r e  ( r e s u l t i n g  f rom the  Chr i s t i ansen  e f f e c t ) .  F o r  al l  t h e  i r o n  s u l f i d e  
minerals in t h e  re fe rence  set,  t he  basel ine absorbance i s  near  zero f rom ca .  
1300 t o  400 cm- l ,  hut f rom 1300 cm- l  t o  4000 c m - l  it c u r v e s  u p w a r d .  

T h e  second method  f o r  i nd i ca t i ng  accu racy  is t o  examine the  spec t ra l  res idua ls  
from t h e  least-squares f i t s  ( F i g u r e  2 ,  Tab le  4 ) .  T h e  w o r s t  case was t h e  l i q n i t e  
(coal SL ) ,  t h e  l a rge  m is f i t  a t  ca.  1380 cm-' h e i n q  due  to  the  omission f rom t h e  
re fe rence m ine ra l s  o f  n i t r a t e ,  p resumably  p roduced  in t h e  low- tempera ture  asher  
by f i xa t i on  of  o rgan ic  n i t r o g e n  (23) .  T h e  r e p r o d u c i b i l i t y  o f  t h e  28 o r i g i n a l  
spec t ra  (poo led  SD) was 0.05 abs,-slightly h i g h e r  t h a n  t h e  pooled s tandard  fit 
e r r o r  o f  0.04 abs  ( w i t h o u t  t h e  l i gn i te ) .  However ,  t h e  ten o r ig ina l  dup l i ca te  
spec t ra  g a v e  a poo led  s t a n d a r d  dev ia t ion  o f  o n l y  0.03 abs, wh ich  i s  s l i g h t l y  
lower t h a n  t h e  f i t  e r r o r s  f o r  most o f  those samples. I n  general ,  t h e  fit e r r o r  
approached t h e  exper imenta l  e r r o r  in t h e  o r ig ina l  data.  

T h e  third method f o r  assessing accuracy  i s  t o  ca lcu la te  a n  elemental compos i t ion  
f o r  each L T A ' s  ox id i zed  ash,  based o n  the  re fe rence  minera l  composi t ions.  
Reasonably c lose agreement  be tween t h e  ac tua l  a n d  ca lcu la ted  elemental composi- 
t ions  wou ld  subs tan t i a te  ( b u t  no t  p rove )  the  minera l  analysis.  T h e  s t a n d a r d  
e r r o r  o f  p r e d i c t i o n  (SEP) f o r  CaO, Fe,O,, SiO, and AI,O, (Tab le  4) r a n g e d  
from 3.4 to  6.7 w t  % f o r  t he  va r ious  coals. T h e  g loba l  SEP was 4.8 w t  %. By 
major ash  element,  t h e  SEP va lues  were  2.8 f o r  CaO, 5.6 f o r  Fe,O,, 4.5 f o r  
SiO, a n d  5.8 f o r  AI,O,. SEP va lues  ranged  f rom 0 . 3  to  5.7 w t  8 CaO, 2.3 to 
10.3 w t  % Fe,O,, 0.1  t o  1 1 . 6  w t  8 SiO, and  3.0 t o  5.6 w t  % AI,O,. I nspec t i on  
o f  t he  elemental resu l t s  also show some bias.  CaO va lues  were  usua l l y  low, 
Fe,O, va lues  were  usua l l y  high, a n d  AI,O, va lues  were  always low. Ca lc i te  
impur i t i es  may b e  p resen t  in some o f  t he  re fe rence spec t ra ,  o r  someth ing  e lse  
may i n t e r f e r e  w i t h  the  calc i te.  T h e  high Fe,O, values, even t h o u g h  t h e  p y r i t e  
values appear  good, ind ica te  t h a t  t he  de termined i r o n  ox ides ,  su l fa tes ,  a n d l o r  
s ide r i t e  concen t ra t i ons  a r e  too high. Somehow, ce r ta in  i r o n  minera ls  seem to  b e  
rep lac ing  o r  sup ress ing  t h e  a p p r o p r i a t e  aluminosi l icates in the  ana lys is .  

In t h e  n e x t  sect ion,  t he  po ten t ia l  f o r  fac to r  ana lvs is  a n d  re la ted  chemometr ic 
techn iques  for p r o v i d i n g  improvements  in the  de terminat ion  o f  minera ls  in coal  
by F T l R  a re  exp lo red .  

T h e  p r e s e n t  resu l t s  a r e  based o n  the  1575-400 c m - I  range.  

RESULTS USING PRINCIPAL  COMPONENT REGRESSION (PCR) 

PCR i s  a techn ique  in wh ich  p r inc ipa l  component ana lys is  (one fo rm o f  f ac to r  
ana lys is )  o f  t h e  spec t ra  i s  fo l lowed by regress ion  o f  t he  fac to r  scores  t o  
ca l ib ra te  a n d  p r e d i c t  a n  independent ly -measured q u a n t i t y .  Besides t h e  spec t ra l  
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data,  these calculat ions r e q u i r e  o the r  data.  A n  accura te  minera l  ana lys is  o f  
each sample cou ld  be  used t o  ob ta in  a ca l ib ra t ion .  Because t h i s  i s  n o t  possible,  
one is  l im i ted  to  model ing and  p r e d i c t i n g  o the r  measurable o roper t i es  such  as 
ash  combust ion  behav io r .  I t  i s  possible t o  by-pass  t h e  minera logy  a l toge the r ,  
and  model t h e  des i red  p roper t i es  o r  behav io r  d i r e c t l y  f rom the  L T A  spec t ra .  
A s h  p r o p e r t y  da ta  wh ich  a re  read i l y  accessible a re  ASTM a s h  fus ion  tempera- 
t u r e s  ( r e d u c i n g  and  ox id i z ing  cond i t ions)  a n d  ash  elemental composi t ion.  PLS 
and  PCR a r e  l inear  models, b u t  a re  capable o f  model ing some non-  
l inear i t ies  ( 5 ) .  A s h  elemental  concent ra t ions  shou ld  b e  l i n e a r l y  re la ted  t o  
in tens i t ies  &f bands  in t h e  i n f r a r e d  spec t ra  ( u n d e r  ideal  c i rcumstances) .  T h u s ,  
PLS and  PCR a re  expec ted  t o  d o  a good job  in model ing ash  composi t ion.  
However,  a s h  fus ion  tempera tures  a re  n o t  expec ted  to  be  l i nea r l y  re la ted  t o  
spec t ra l  fea tures .  

I n f r a r e d  d a t a  in the  1575-400 cm-1 reg ion  (1218 po in ts l spec t rum)  f rom L T A s  
from 50 coa ls  ( l a rge  data set)  were used as i n p u t  da ta  t o  b o t h  PLS and  PCR 
rou t ines .  T h i s  i s  t h e  same spec t ra l  reg ion  used in t h e  classical  leas t -squares  
ana lys is  o f  t h e  small data set. Ca l ib ra t ions  were developed f o r  t he  e i g h t  ASTM 
ash  fus ion  tempera tures  a n d  the  f o u r  major ash  elements as ox ides .  T h e  
p rog ram uses  PLS l  models, in wh ich  o n l y  one va r iab le  a t  a t ime i s  modeled. 
Cross-va l ida t ion  was used t o  select  t h e  opt imum number  o f  fac to rs  in t h e  model.  
In t h i s  techn ique,  a subset  o f  t h e  da ta  ( i n  t h i s  case f i v e  spec t ra )  i s  om i t ted  
f rom the  ca l ib ra t ion ,  but p red ic t i ons  a re  made fo r  it. T h e  sum-of-sqi iares 
res idua ls  a r e  computed f rom those samples l e f t  ou t .  A new subset  i s  t h e n  
omit ted,  t he  f i r s t  set  i s  inc luded in t h e  new ca l ib ra t ion ,  and add i t iona l  res idua l  
e r r o r s  a re  ta l l ied .  T h i s  p rocess  is repeated  unti l p red ic t i ons  have been made 
and  the  e r r o r s  slimmed f o r  a l l  5 0  samples ( i n  t h i s  case, 10 ca l i l i ra t ions  a r e  
made).  T h i s  e n t i r e  set  o f  calculat ions is  repeated  once each time an add i t iona l  
f ac to r  i s  i nc luded  in t h e  model. T h e  opt imum number  o f  f ac to rs  i s  near  t h e  
p o i n t  a t  w h i c h  the  res idua l  e r r o r  reaches a minimum. 

Resu l ts  f rom these p re l im ina ry  model ing e f f o r t s  w i t h  the  l a rge  da ta  se t  a r e  
shown in T a b l e  5. These resu l t s  were  ob ta ined w i t h  cen te r ing  (x a n d  y )  a n d  
sca l ing  (x) as a da ta  p re t rea tment .  On ly  PCR resu l t s  a re  shown, even t h o u g h  
t h e  PLS ca lcu la t ions  took  less cornput ina t ime a n d  gave s l i g h t l y  b e t t e r  resu l t s .  
T h e  PCR model i s  p r e f e r r e d  because i t  p rov ides  some add i t iona l  in fo rmat ion  o n  
o u r  o r i g ina l  data se t .  Resu l ts  a r e  dep ic ted  g raph ica l l y  in F igu res  3 and  4 f o r  
t h e  bes t  a n d  wors t  ca l ib ra t ions ,  respec t i ve l v .  T h e  main measi i re o f  t h e  success 
o f  these models i s  t h e  SEP. Fo r  ash  fus ion  tempera tures ,  t h e  SEPs were  in t h e  
range  o f  50 t o  78OF. T h e  fus ion  tempera tures  a t  ox id i z ing  cond i t ions  genera l l y  
gave  s l i g h t l y  be t te r  resu l t s  than  those a t  reduc ing  cond i t ions .  These va lues  
rep resen t  e r r o r s  somewhat l a rge r  than  ASTM repea tab i l i t y  a n d  r e p r o d u c i b i l i t y  
l imi ts.  T h e  la rges t  s ing le  p red ic t i on  e r r o r  f o r  these models was ahout  200OF. 
T h i s  i s  no  l a r g e r  t h a n  the  spread in in te r l abo ra to ry  resu l t s  seen in r o u n d  r o b i n  
analyses o f  s tandard  5amples. Fu r the rmore ,  these resu l t s  appear  to  b e  equ iva-  
l en t  t o  t h e  bes t  p red ic t i ons  o f  ash  fus ion  tempera tures  avai lable f rom ash  
elemental composi t ions (24.25.26). Many o f  those models have  inco rpo ra ted  
ra t ios ,  squared  te rms a n d m r m s  to  g e t  h e t t e r  resu l t s .  It appears  t h a t  t h e  
PLS and PCR models w o r k  reasonab ly  well f o r  mode l inq  non- l inear i t ies  in t h i s  
case. 

T h e  PCR r e s u l t s  f o r  CaO, Fe,O, SiO, a n d  AI,O, a r e  q u i t e  good, as  an t ic ipa ted .  
T h e  SEPs f o r  CaO a n d  Fe,O, o f  1 . 7 - 1 . 8  w t  % a re  h i g h e r  than  t h e  ASTM rep ro -  
d u c i b i l i t y  l im i ts ,  but the  resu l t s  f o r  SiO, a n d  AI,O, a re  w i t h i n  t h e  ASTM l im i t s  
f o r  those elements.  Note t h a t  al l  these e r r o r s  a re  h e t t e r  t h a n  t h e  va lue  o f  4.8 
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r e s u l t i n g  f rom t h e  minera log ica l  analysis.  (However ,  t h e  minera l  ana lys is  was  
n o t  op t im ized to  p r e d i c t  ash  elementals.)  

The ca l i b ra t i ons  ob ta ined  a r e  va l i d  ove r  a s ign i f i can t  range o f  each p r o p e r t y .  
It is feas ib le  t o  p r e d i c t  a l l  these p roper t i es  f rom t h e  L T A  f rom a small sample of 
coal, shou ld  t h a t  be  des i red .  These resu l t s  ma in ly  show t h a t  t he  me thods  
emploved c a n  model o the r  a s h  p roper t i es  wh ich  a re  more closely re la ted  to 
large-scale combust ion  behav io r .  T h i s  is one area  where  f u r t h e r  s t u d y  is 
des i rab le .  

A l thouqh  t h e  so f tware  used was n o t  a fu l l - fea tured  fac to r  ana lvs is  p rogram,  
po r t i ons  o f  t h e  p r i n t e d  o u t p u t  a re  use fu l  in s t u d y i n p  the  spec t ra l  data se t .  
The tab le  below shows some in fo rmat ion  ob ta inab le  f rom PCR models ( l a r g e  d a t a  
se t )  w i t h  5, 10 a n d  13 fac to rs .  I n  t h i s  case, t h e  " fac to rs"  a re  p r i n c i p a l  
components d e r i v e d  e n t i r e l y  f rom t h e  sample da ta  set .  PLS fac to rs  a re  n o t  
i n te rp re tab le  in t h e  same manner.  

P red ic t i on  Residual  
Sum o f  Squares  

(Recons t ruc t i on  o f  % o f  To ta l  Spec t ra l  
No. o f  Fac to rs  Or ig ina l  Data) Var iance o f  Data Set 

5 
10 
13 

89.9 
28.1 
11.5 

93.5 
98.0 
99.2 

A n  increase f rom 5 t o  10 in t h e  number  of fac to rs  rep resen t ing  t h e  o r ig ina l  da ta  
resu l t s  in a subs tan t i a l  reduc t i on  in the  e r r o r .  Becacse o f  t he  data p re t rea t -  
ment used,  t he  spec t ra l  e r r o r  cannot  be d i r e c t l y  compared t o  t h e  exper imenta l  
e r r o r  de te rm ined  f rom t h e  da ta  set. When f i v e  fac to rs  were used,  two  d i f f e r e n t  
l i g n i t e  samples were  f lagqed as poss ib le  ou t l i e rs  based on  t h e i r  spec t ra l  
var iances  r e l a t i v e  to  the  r e s t  o f  t he  da ta  set .  W i t h  t e n  fac to rs ,  one o f  the 
l ign i tes  was accommodated w i t h i n  t h e  fac to r  model [ a l t hough  t e n  fac to rs  may n o t  
have been r e q u i r e d  t o  accommodate i t ) .  With t h i r t e e n  factors,  b o t h  l i g n i t e s  
were accommodated. 

CONCLUSIONS 

Exper ience in t h i s  l abo ra to rv  has shown t h a t  even  w i t h  ca re fu l  a t ten t i on  to 
deta i l ,  de te rm ina t ion  o f  coal minera logy  b y  c lassical  least-squares ana lys is  o f  
F T l R  da ta  may h a v e  severa l  l im i ta t ions .  Fac tor  ana lys is  and re la ted  techn iques  
have t h e  po ten t i a l  t o  remove o r  lessen some o f  these l im i ta t ions .  Ca l i b ra t i on  
models based  on  pa r t i a l  least-squares o r  p r i nc ipa l  component reg ress ion  mav  
allow p r e d i c t i o n  o f  use fu l  p roper t i es  or  empi r i ca l  behav io r  d i r e c t l y  f rom F T l R  
spec t ra  of low- tempera ture  ashes. Wider app l i ca t ion  o f  these techn iques  t o  coal  
mineralogical  s tud ies  i s  recommended. 
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T A R L E  1 

DESCRIPTION OF COALS 

Seam - Desc r ip t i on  

P i t t s b u r g h  - U n d e r q r o u n d ,  Clean Coal, Creene Co., PA 
E l k h o r n  3 - Underg round .  Unwashed, R r e a t h i t t  Co., K Y  
I l l i no is  5.6 - Sur face .  Clean Coal,  Jackson Co., IL 
Scranton  - Surface, Mercer  Co., ND 
I l l i nn is  6 - Underg round .  Clean Coal, Je f fe rson  Co., I L  
I l l i no is  6 - Surface, Clean Coal P e r r y  Co., IL  
P i t t s b u r g h  - Underq round ,  Clean Coal, Marsha l l  Co., WV 
P i t t s b u r g h  - U n d e r g r o u n d ,  Cleav Coal, Monongal ia Co., WV 
No. 2 Gas, l l p p e r  a n d  Midd le  Eaqle - Underg round ,  C lean 
Coal, Raleigh Co., WV 
Pocahontas 3 - IJnderq round ,  Clean Coal, Buchanan Co., 
V A  

Coals 

P1 
EH 
I1 
SL 
I2 
13 
P2 
P3 
GE 

PO 

-. R a n k  

hvA.b 
h v A b  
h v B b  
Lig 
h v B b  
h v B b  
h v A  b 
h v A b  
h v A b  

Ivh 

__ 

TARLE 2 

REFERENCE MINERALS 

MAIN CLASSES 

Kaol in - Kao l in i te  4. 5 .  6 .  Dick i te  16, 27 
Mica - B io t i t e ,  Ph logop i te ,  Muscov i te  
I l l i t e  - I l l i t e  36, I l l i t e -Bear ing  Shale 
Mixed-Layer  C lays  - Metabentoni te 37, 42 
Montmor i l lon i te  - 21, 22A. 226, 24, 25, 26, 31 
Fe l tspars  - A lb i te ,  Anor th i t e ,  Or thoc lase  
Ch lo r i t e  - C h l o r i t e  
Misc.  AISi - A t tapu lg i te ,  Hal loysi te,  P y r o p h y l l i t e  48 
Quar tz  - Quar t z ,  Agate  
Fe su l f i des  - Marcasi te.  Commercial P y r i t e ,  M inera l  P y r i t e ,  P y h r r o t i t e  
Fe ox ides  - Goeth i te ,  Hemati te,  Magnet i te  
Fe su l fa te  - D i f f e rence  spec t rum weathered minus  unweathered p v r i t e  
S ide r i t e  - S ide r i t e  
Calc i te - Calci te,  A ragon i te  
Gypsum - Gypsum,  D r i e r i t e  
Dolomite - Dolomite 

GROUPED CLASSES 

Clays  - Kaol in,  I l l i t e ,  M. L. Clays,  Montmor i l lon i te ,  Misc. A lS i  
O the r  A lS i  - Mica, Fe ldspar ,  Ch lor i te ,  Quar t z  
Su l fa te  - F e  Su l fa te ,  Gypsum 
Carbonate  - Calci te,  S ider i te ,  Dolomite 
Fe A l te red  - Oxides, Su l fa te  

I n  add i t i on  to spec t ra  of  t h e  42 minera ls  shown above, t h e  least-squares compo- 
nen ts  i n c l u d e d  3 "spec t ra"  rep resen t ing  1) mo is tu re  in K R r  b lank  (ob ta ined  by 
sub t rac t i on  of  2 K B r  b l a n k  spec t ra ) ,  2) a cons tan t  basel ine o f f se t  (1  abs  f r o m  
4000 to 400 cm-l), a n d  3 )  a s lop ing  l inear  basel ine ( l i ne  f rom 1 abs  a t  
4000 cm- l  t o  0 abs  a t  400 c m - l ) .  Normal izat ion o f  resu l t s  used o n l y  t h e  42 
minera l  components,  a n d  d i s regarded  these t h r e e  components.  
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T A B L E  4 

SPECTRAL F I T  ERRORS AND ELEMENTAL PREDICTION ERRORS 
FROM F T l R  MINERALOGY 

Spectra l  F i t  E r r o r  (1575-400 cm l ) ,  
Std .  Dev.  in abs. SEP Ox ide  

Coa I R u n  1 __ R u n  2 - R u n  3 R un 4 w t  8 o f  A s h  - - 
P1 0.028 0.027 0.038 
EH 0.030 0.033 0.023 
I1 0.026 0.026 0.029 
SL - 0.250 0.149 
12 0.033 0.028 
13 0.037 0.039 
P? 0.040 0.040 
P3 0.037 0.036 
CE 0.038 0.037 
PO 0.022 0.021 

With SL,  pooled std. d e v .  = 0.093 
Without SL, pooled s td .  dev.  = 0.041 

0.041 4.4 
0.029 4.3 
0.031 4.7 
0.194 4.1 

5.2 
6.7 
4.4 
5.5 
3.4 
6.2 

T A B L E  5 

P R I N C I P A L  COMPONENT REGRESSION C A L I B R A T I O N S  
FOR SELECTED ASH PROPERTIES 

No. nf 
T y p e  Fac to rs  ~ SEP 

Ash Fusion Tempera tu re ,  OF 

RID 5 72.4 
RST 5 77.9 
R H T  5 65.9 
R F T  5 56.2 
OID 6 50.5 
OST 5 60.4 
OHT 5 54.0 
OFT 2 61.1 

Ash Element as Ox ide ,  w t  % 

- 

SiO, 10 1.38 
13 0.74 
8 1.79 

CaO 3 1.73 

A'203 

Magn i tude 
o f  Max. 

Pred ic t i on  
E r r o r  

169.9 
153.5 
201.8 
157.6 
117.6 
149.8 
163.8 
148.1 

2.81 
1.33 
3.19 
6.88 

Range of  I n p u t  Data 
Min.  Value Max. Value 

1918 2757 
1072 2808 
2092 2958 
2127 2968 
2115 2808 
2159 2858 
2197 2881 
221 8 2769 

29.15 56.45 
9.12 27.34 
4.33 30.17 
1.07 30.11 

/ I s  
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Least-Squares y = '0.985 x 0.098) 

RR yL*. 13 F O I M  

F igu re  3 .  PCR Model Resul ts  fo r  
AI,O, w t  % o f  Ox id i zed  A s h  (Bes t  
Model of A s h  Proper t i es ) .  

F i g u r e  2. Spect ra l  Residual for  t h e  Bes t  
(Coal PO),  T y p i c a l  (Coal EH) and  Wors t  
(Coal SL)  Least-Squares F i t s .  Spect ra 
Shown a r e  Or ig ina l  L T A  ( A ,  D, C), 
Least-Squares Composite (B,  E, HI, a n d  
D i f f e rence  (Or ig ina l  M inus  Composite 

F i g u r e  4. PCR Model Resul ts  f o r  A s h  
Sof ten ing Tempera tu re  (Reduc ing ) ,  OF 
(Worst  Model o f  A s h  Proper t i es ) .  C. F. 1 ) .  
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